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Figure 1. Phosphoregulation of IFT Kinesin-II
Model depicting the findings of Liang et al. and some open questions
regarding regulation of kinesin-II by FLA8 phosphorylation. At the ciliary
base, possibly at the transition fibers (TFs), an unknown phosphatase (PPtase)
dephosphorylates FLA8 (step 1). This allows IFT complex B (IFT-B) to bind to
kinesin-II (step 2), which then translocates to the ciliary tip. It remains to be
determined whether kinesin-II motor activity is stimulated by dephosphoryla-
tion, IFT-B binding, another mechanism, or a combination of events. When
kinesin-II reaches the tip, CrCDKP1 phosphorylates FLA8 (step 3), causing
IFT-B to dissociate from kinesin-II. If kinesin-II doesn’t return to the base via
IFT, it might diffuse back (step 4). CrCDKP1 may have additional functions
at the tip, e.g., activation of dynein-mediated retrograde transport to return
IFT particles to the base of the cilium.
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PreviewsCrCDPK1, a predicted lipid-
binding domain in the N
terminus of the protein, is
required for CrCDPK1 enrich-
ment at the flagellar tip and
proximal half of the
flagellum, suggesting that
concentration of CrCDPK1 at
these regions requires an as-
sociation with the flagellar
membrane. Furthermore,
CrCDPK1 redistributes during
flagellar assembly; this indi-
cates that CrCDPK1 localiza-
tion is dynamic and that
CrCDPK1 itself could poten-
tially be transported to the
flagellar tip, in an inactive
form, by kinesin-II-driven
anterograde IFT. In this sce-nario, kinesin-II would carry its own
‘‘deactivator’’ to the flagellar tip, where
CrCDPK1 would then be activated, phos-
phorylate FLA8, and promote kinesin-II
dissociation from the IFT particle.
Finally, if kinesin-II dissociates from
the IFT particle at the flagellar tip, how
is kinesin-II recycled back to the flagellar
base? It is possible that at least some of
the kinesin-II motor could diffuse back
to the flagellar base. Consistent withthis, direct visualization of kinesin-II by
total internal reflection fluorescence
microscopy of Chlamydomonas cells
expressing KAP-GFP revealed multiple
anterograde IFT tracks but very few
retrograde IFT tracks (Engel et al.,
2009). The study by Liang et al. (2014)
sets the stage for further investigation
into the intriguing and largely unexplored
mechanisms that control IFT and ciliary
assembly.Developmental Cell 30, September 8REFERENCES
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Correct delivery of peptides to appropriate subcellular organelles requires distinct trafficking and targeting
mechanisms. In this issue of Developmental Cell, Kim et al. (2014) demonstrate that AKRA2, a targeting re-
ceptor for chloroplast outer envelope membrane proteins, binds chloroplast-specific lipids to ensure proper
delivery of cargo to the chloroplast outer envelope.Organelle biogenesis and function in all
eukaryotic cells rely on highly specific
targeting pathways to direct thousands
of proteins from the cytosol to theproper subcellular compartment. Over
the past two decades, the machinery
and targeting signals responsible for
the import of proteins across boundarymembranes into the ER, mitochondria,
peroxisomes, and chloroplasts have
been extensively studied (Wickner and
Schekman, 2005). In each case, intrinsic, 2014 ª2014 Elsevier Inc. 493
Figure 1. A Model for AKR2A-Mediated Targeting of Membrane
Proteins to the Outer Envelope Membrane of Chloroplasts
The transmembrane domain (TMD) and adjacent charged region of newly syn-
thesized chloroplast outer membrane proteins (COM) are recognized by
AKR2A in the cytoplasm via the central domains (C1 and C2) of the receptor.
Delivery of the AKR2A-COM protein complex to the chloroplast surface is
mediated by binding of the AKR2A C-terminal ankyrin repeat domain (ARD)
to the chloroplast-specific lipids, monogalactosyldiacylglycerol (MGDG) and
phosphatidylglycerol (PG), thereby ensuring selective targeting to the chloro-
plast. The small heat shock protein 17.8 (sHsp17.8) assists in targeting. Inser-
tion of the COM protein into the outer membrane is proposed to be facilitated
by a component of the TOC complex, which also mediates protein import into
the organelle (Lee et al., 2013).
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Previewstargeting signals within
nascent or newly synthe-
sized proteins are recog-
nized by specific receptors
in the cytoplasm or at the
organelle surface. The tar-
geting receptors are coupled
to multimeric membrane
complexes that mediate
membrane translocation into
the organelle. However, a
unique set of membrane pro-
teins is inserted directly into
the boundary membranes of
organelles from the cyto-
plasm, and their targeting in-
volves components distinct
from the canonical protein
import systems (Denic,
2012). The transmembrane
domains (TMDs) of these
membrane proteins contain
key elements for targeting
specific organelles, raising
the question of how the tar-
geting determinants and thecomponents of the targeting pathways
have evolved to ensure delivery of pro-
teins to the appropriate boundary mem-
brane. In this issue of Developmental
Cell, Kim et al. (2014) provide new
insight into how chloroplast outer mem-
brane (COM) proteins are targeted to
the organelle and thereby avoid insertion
into the boundary membranes of the
endoplasmic reticulum (ER), mitochon-
dria, or peroxisomes.
In this study, the authors demonstrate
that ankyrin repeat protein 2A (AKR2A),
a cytosolic receptor for COM proteins,
specifically targets COM proteins to
chloroplasts by recognizing the unique
lipid composition of the outer envelope
membrane. The authors previously
demonstrated a central role for AKR2A/B
in chloroplast biogenesis in Arabidopsis
thaliana, as knockdown or knockout of
AKR2A and its close homolog AKR2B,
respectively, resulted in defects in chloro-
plast development and outer envelope
membrane targeting (Bae et al., 2008).
AKRA2 recognizes a specific TMD
flanked by positively charged residues
in order to recruit intended protein sub-
strates (Bae et al., 2008). The positively
charged region distinguishes the TMD
targeting signal of COM proteins from
other substrates and prevents mistarget-
ing to the ER (Lee et al., 2011). While the494 Developmental Cell 30, September 8, 201C-terminal ankyrin repeat domain (ARD)
of AKR2A was known to mediate chlo-
roplast localization (Bae et al., 2008), an
interaction that was enhanced by the
small heat shock protein sHsp17.8 (Kim
et al., 2011), it was unclear how this
domain associates with chloroplasts and
whether a chloroplast outer envelope
receptor or receptors may exist to recog-
nize AKR2A at the chloroplast surface.
In this paper, the authors demonstrate
that AKR2A specifically recognizes mo-
nogalactosyldiacylglycerol (MGDG) and
phosphatidylglycerol (PG) at the outer
membrane for docking and delivery of
membrane protein cargo (Figure 1). Dura-
mycin-induced aggregation of MGDG
within envelope membranes reduced
AKR2Abinding to theCOM.Similar results
were observed in mutants with reduced
levels ofMGDGorPGsynthesis, providing
compelling evidence for a coordinate role
of these lipids in AKR2A targeting. When
outer envelope vesicles were derived
from these mutants, exogenous supple-
mentation with appropriate lipids led to
increased binding of AKR2A in a dose-
dependent manner, demonstrating that
lipid composition of the vesicles mediates
AKRA2 binding. Furthermore, the authors
demonstrated that AKR2A binding was
insensitive to trypsin treatment of chloro-
plasts, suggesting that AKR2A binding4 ª2014 Elsevier Inc.to chloroplasts does not
require proteinaceous com-
ponents at the envelope sur-
face in addition to MGDG
and PG.
AKR2A has four conserved
regions, including the ARD
domain known to mediate
chloroplast targeting (Bae
et al., 2008). To gain mecha-
nistic insight into this activity,
the authors determined the X-
ray crystal structure of the
ARDdomain. The structure re-
vealed three adjacent grooves
with clusters of hydrophobic
and polar residues similar to
other known lipid binding pro-
teins (Chen et al., 2012).Muta-
tion of selected residues
within two of these grooves,
L1 and L2, reduced MGDG- or
PG-dependent binding of
AKR2A, respectively.
Phylogenetic analysis
showed that the ARD is highlyconserved in land plants and certain
green algae but is distinct from ARD do-
mains of cyanobacteria, suggesting that
AKR2A evolved from a minimal ARD-con-
taining protein of the green algae-derived
host cell. The authors proposed that addi-
tional conserved N-terminal domains
were added stepwise to AKRA2 during
evolution, resulting in specificity of
AKR2A for its chloroplast membrane pro-
tein substrates.
Organelle-specific lipids contribute to
the unique identity of cellular compart-
ments, facilitating the sorting of proteins
during membrane trafficking and func-
tioning as receptors for the recruitment
of specific enzymes and signaling mole-
cules (Holthuis and Menon, 2014). The
finding that AKR2A mediates chloroplast
outer envelope targeting by specifically
recognizing MGDG—a unique lipid of the
chloroplast outer envelope (Block et al.,
1983)—is an exciting development in un-
derstanding the mechanisms by which
lipids function in the selective targeting
of membrane proteins to specific organ-
elles. It is of great interest to understand
how targeting proteins to the chloroplast
surface is coupled to downstream events
mediating their insertion into the mem-
brane bilayer. Previous studies have
shown that the protein import channel of
the translocon of the outer membrane
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Previewsof chloroplasts (TOC) facilitates insertion
of COMs into the outer membrane, sug-
gesting that the AKR2A targeting pathway
and the TOC protein import pathway
might converge to complete the targeting
cycle (Lee et al., 2013). By contrast, the
insertion of ER tail-anchored (TA) proteins,
another class of membrane proteins
directly inserted into boundary mem-
branes, appears tobe facilitatedbyunique
components of the guided entry to TA
proteins (GET) pathway that function
downstream of the cytosolic targeting
components (Denic, 2012). Specific com-
ponents for outer membrane protein
targeting in mitochondria remain to be
identified, and the nature of the pathwaythat ensures the fidelity of targeting and
insertion of membrane proteins to this
organelle is also of great interest.REFERENCES
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